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The lattice constants of thin-film Li12xCoO2 cathodes at the 4.2 V charged states were influenced by various deposition conditions.
Li 12xCoO2 thin films @yielding a strong~003! texture# on a Pt or Au current collector, which were unheated during sputtering
deposition andex situannealed, showed negligible lattice expansion at 4.2 V during the first charge. This is in contrast to the
Li12xCoO2 powders exhibiting;3% c axis expansion atx > 0.5 ~from ;14.05 to;14.45 Å!. The total energy of the constrained
Li0.5CoO2 lattice ~0% c axis expansion! obtained by a pseudopotential total-energy calculation was slightly higher than that of the
relaxed one by;1.0 eV per 12 Li0.5CoO2 ~or ;80 meV/Li0.5CoO2), indicating no difficulty of limited lattice expansion during the
first cycle. However, splitting of the~009! diffraction peak was observed at 4.2 V as cycling proceeded: one has a lattice constant
c of 14.016 0.05 Å as LiCoO2 before charging, and the other has a lattice parameter of 14.406 0.05 Å, which is similar to the
Li0.5CoO2 powders. In contrast, the lattice constantsc of the Li12xCoO2 thin films deposited at different conditions@yielding a
weak ~003! texture# expanded when first charged to 4.2 V, which is similar to that observed in the powder geometry.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1759611# All rights reserved.




















































d theLiCoO2 is presently the most widely used cathode in recha
able Li-ion batteries. This material has a hexagonal layered stru
in which alternating planes containing Li and Co ions are sepa
by close-packed oxygen layers.1-9 The LiCoO2 cathode is typicall
charged to;4.2 V vs. Li (Li 0.5CoO2), yielding a specific capaci
below ;140 mAh/g. Normally, Li12xCoO2 powders expand b
;3% along thec axis whenx is changed fromx 5 0-0.5.1,2,5,6,10-14
Recent reports by Choet al. on a nanoscale coating of the cath
materials with metal oxides (Al2O3 , ZrO2 , etc.! have shown that
surface coating can suppress the lattice-constant changes
LiCoO2 powders during the first charge.
12-14 However, Chen an
Dahn reported that a ZrO2 coating on the powders has no effect
suppressing the lattice expansion.10,11 This discrepancy may be d
to the difference in the coating precursors and the uniformit
nanoscale-coating layer. Kimet al. recently reported that in ba
LiCoO2 thin films ~even without metal-oxide coating!, the lattice
constant c during the first charge exhibits negligiblec-axis
expansion.15
In this paper, the lattice constants of thin-film Li12xCoO2 cath-
odes at the 4.2 V charged state were investigated as a funct
cycle number. The~003!-oriented LiCoO2 thin films (a > 2.81 Å)
on a Pt (a/& 5 2.77 Å) may be under compressive stress, w
those on a Au (a/& 5 2.88 Å) may be under tensile stress. T
LiCoO2 thin films with a strong~003! texture show limited lattic
expansion during the first cycle, unlike that observed in LiC2
powders. In contrast, the LiCoO2 thin films with a weak~003! ori-
entation show a trend similar to the powder geometry. Pseudop
tial total-energy calculation is employed to confirm the ease of
ligible lattice expansion, because elastic calculation is impos
with ;3% lattice expansion.
Experimental
LiCoO2 thin films were fabricated with various deposition c
ditions using magnetron sputtering. Approximately 500 nm t
LiCoO2 thin films ~1 cm
2! were deposited on a Pt or Au curre
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collector ~;200 nm! on top of the thermally oxidized SiO2 ~;150
nm!/Si~100! substrates, using a stoichiometric LiCoO2 target~2 in.
diam!. The target was fabricated by cold-pressing comme
LiCoO2 powders followed by sintering at 1000°C for 10 h in air
TiO2 underlayer was deposited by the reactive sputtering of
improve the adhesion of current collector to the substrate.
LiCoO2 targets were sputtered at a working pressure of 20 m
with Ar/O2 5 3/1. A radio frequency~rf! power of 100 W was ap
plied for 5 h to the target. During deposition, the substrate was ei
unheated or sustained at 300°C. Postdeposition crystallizati
LiCoO2 thin films ~with unheated deposition! was obtained b
700°C annealing for 2 h in an O2 atmosphere.
The electrochemical cells consisted of Li-metal sheets
counter and reference electrode, a LiCoO2 thin film with an approxi
mately 1 cm2 active area as the working electrode, and 1 M LiPF6 in
ethylene carbonate/diethyl carbonate~EC/DEC, 50/50 vol %, Che
Industries, Inc.! as the electrolyte. The cells were electrochemic
cycled over the voltage range 4.4-2.75 V with a specific curre
400 mA/cm2. The cells were charged at 10mA/cm2 to 4.2 V during
the first cycle, after five and ten cycles, and then potentiostate
24 h so that the cells would be stabilized near 4.2 V. To charac
the Li12xCoO2 thin films at the 4.2 V charged state using X-
diffraction ~XRD!, the cells were disassembled in a glove box,
lowed by rinsing them with DEC to remove the LiPF6 salt from the
cathode films.
To confirm the ease of negligible lattice expansion in Li12xCoO2
cathode during the first charge, the energy difference betwee
relaxed and constrained Li12xCoO2 lattice ~0% c axis expansion!
was obtained using a pseudopotential total-energy calcul
Electronic-structure techniques enable an accurate calculation
relative atomic-structure stability for the charged state of Li12xCoO2
cathodes.16-20 In this work, the Gibbs free energy (DG) was ap
proximated to the internal energy (DE), because the termPDV
2 TDS at room temperature was expected to be very small~,30
meV!.21 To calculate the internal energy of each configuration,
study employed the periodic boundary conditions within
gradient-corrected density-functional theory, employing the V
code.22,23 This method solves the Kohn-Sham equations to obt
self-consistent valence-shell electron density within the non









































Journal of The Electrochemical Society, 151 ~7! A1063-A1067~2004!A1064core electrons.24-26 The calculations used a plane-wave basis w
kinetic energy cutoff of 500 eV. Thek-point coordinates were ge
erated using a 43 4 3 4 Monkhorst-Pack scheme.27 All the calcu-
lations involved a full geometry optimization. Four supercells ox
5 0, 1/6, 1/3, and 1/2 in Li12xCoO2 were examined.
Results and Discussion
Figure 1 shows the XRD patterns of the Li12xCoO2 thin films on
a Pt current collector, which were unheated during sputter depo
andex situannealed at 700°C in O2 atmosphere. A single phase w
obtained in the cathode film prior to charging, with the hexag
Miller indexes ~hkl!. The XRD patterns in Fig. 1 show a stro
~003! texture. The lattice constantc of LiCoO2 thin film prior to
charging isc 5 14.026 0.06 Å, which is in good agreement w
the literature data of LiCoO2 powders and thin films.
1-5,10-15,28-32
The evolution of the XRD patterns is shown in Fig. 1, when
Li12xCoO2 thin films on a Pt current collector were charged to
V. After the first charge to 4.2 V, the XRD pattern shows neglig
c-axis expansion. This is in contrast to the Li12xCoO2 powders
exhibiting ;3% c-axis expansion atx > 0.5 ~from ;14.05 to
;14.45 Å!. However, splitting of the~009! diffraction peak occur
after five cycles at the 4.2 V charged state, as shown in Fig. 1.
phenomenon is more obvious at 4.2 V after ten cycles, indicatin
coexistence of two distinct structures. As can be seen in Fig. 2
has a lattice parameterc 5 14.016 0.05 Å ~same as before char
ing!, and the other showsc 5 14.406 0.05 Å ~same as th
Li0.5CoO2 powder value!. In addition, the former~;14.0 Å! gets
converted to the latter~;14.4 Å! as the cycle number increases
LiCoO2 thin films were also deposited on a Au current colle
to investigate the possible stress effect on the lattice-con
changes. The lattice constanta of LiCoO2 ~;2.81 Å! is similar to
the atomic distance of Pt~111! ~;2.77 Å! and Au~111! ~;2.88 Å!.
The ~003!-oriented LiCoO2 thin films on a Pt may be under co
pressive stress, while those on Au may be under tensile stress
ure 3 shows the evolution of the XRD patterns when the Li12xCoO2
thin films @yielding a strong~003! texture# on Au ~unheated durin
deposition andex situannealing at 700°C! were charged to 4.2 V
Figure 4 presents the changes in the lattice constantsc for the
Li12xCoO2 films at the 4.2 V charged state on Au as a functio
cycle number~Fig. 3!. When first charged to 4.2 V, the changes
Figure 1. XRD patterns of Li12xCoO2 thin films on Pt~compressive stress!,
before charge, after the 1st charge to 4.2 V, and after five and ten
~between 4.4 and 2.75 V!, then charged to 4.2 V. These cathode films w
unheated during sputter deposition, andex situ annealed at 700°C in O2
atmosphere.~l! Small peak at 2u 5 36.9° due to the formation of Co3O4 .Downloaded 21 Jul 2009 to 147.46.182.184. Redistribution subject to Et
-
the XRD patterns are not significant, with negligible lattice exp
sion, which is similar to the LiCoO2 thin films on Pt~Fig. 1!. The
diffraction-peak splitting at the 4.2 V charged state is also cle
observed after five and ten cycles.
The Li12xCoO2 thin films at 4.2 V have limitedc-axis expansio
during the first charge and distinct diffraction-peak splitting a
cycling, regardless of the current collector. The diffraction-p
splitting occurring at 4.2 V might be because the Li12xCoO2 thin
films consist of restricted and unrestricted grains. Some grain
hibit limited lattice changes because of the restriction by the
Figure 2. Changes in the lattice constantc as a function of cycle number f
Li 12xCoO2 thin films on a Pt current collector when charged to 4.2 V.
lattice constantc was obtained from the XRD patterns shown in Fig. 1.~d!
shows relaxed lattice constants of Li0.5CoO2 , whereas the~j! lattice con-
stants remain unchanged.
Figure 3. XRD patterns of the Li12xCoO2 thin films on Au ~tensile stress!,
before charge, after the 1st charge to 4.2 V, and after five and ten
~between 4.4 and 2.75 V!, then charged to 4.2 V. These cathode films w
unheated during sputter deposition, andex situ annealed at 700°C in O2






































Journal of The Electrochemical Society, 151 ~7! A1063-A1067~2004! A1065tangled grains, while the lattice constantsc of the unrestricted grain
increase to 14.416 0.05 Å when charged to 4.2 V. The lattic
constant changes from the 5th to the 10th cycle in Fig. 2 and 4
large error bars. However, the lattice-constant expansions aft
cycles are similar each other, approaching the Li0.5CoO2 power
value ~;14.45 Å!.
To confirm the ease of negligible lattice expansion in LiCoO2 at
4.2 V charged state, the energy difference between Li12xCoO2 with
the relaxed and constrained lattice~0% c-axis expansion! was esti
mated using a pseudopotential total-energy calculation.
electronic-structure calculations were undertaken on a seri
Li 12xCoO2 compositions, wherex 5 0, 1/6, 1/3, and 1/2. To dete
mine the lattice parameter of the optimized LiCoO2 lattice, the tota
energies of four primitive unit cells at Li-ordered~most stable! state
were computed in the range ofc 5 12.50-15.25 Å~Fig. 5a!. The
computed lattice parameter of LiCoO2 with the lowest energy sta
is a > 2.84 Å andc > 13.80 Å, which is similar to that reporte
by Cederet al.16,17 The difference between the calculated lat
parameterc ~;13.80 Å! and the experimental result~;14.05 Å! of
LiCoO2 is within 2% ~Fig. 5a!. Figure 5b shows the calculated l
tice parameter and the total energies of the Li0.5CoO2 lattice. The
lattice parameter of Li0.5CoO2 with a minimum energy isa
> 2.83 andc > 14.21 Å. As can be seen in Fig. 5, the Li12xCoO2
expands by;3% along thec axis whenx changes fromx 5 0 to
0.5. Figure 6 shows the total energies of both the relaxed and
strained Li12xCoO2 lattice ~at Li-ordered stabel and Li-disorder
metastable state, respectively!. The total energy of the constrain
Li0.5CoO2 lattice is slightly higher than that of the relaxed one
;1.0 eV per 12 Li0.5CoO2 ~or ; 80 meV/Li0.5CoO2), which con-
firms the ease of limited lattice expansion during the first char
Figure 7a and b shows the charge-discharge profiles of LiC2
thin films on a Pt and Au, respectively. The LiCoO2 thin films were
charged to 4.2 V with a current rate of 10mA/cm2 during the firs
charge, and after five and ten cycles~in the range of 4.4 and 2.75
at 400mA/cm2!, then potentiostated for 24 h so that the cells co
stabilize near 4.2 V. The plateau at;3.9 V corresponds to a firs
order phase transition between the two hexagonal phases, an
additional plateaus above 4 V are associated with the order-dis
transitions at around Li0.5CoO2 .
1,2,7,8As seen in Fig. 7~with Fig. 2
and 4!, the current collector does not significantly affect the cy
bility of the thin-film LiCoO2 cathodes, and the profiles of LiCo2
thin films become steeper as the cycling proceeds due to the d
dation of LiCoO .
Figure 4. Changes in the lattice constantc as a function of cycle number f
Li 12xCoO2 thin films on a Au current collector when charged to 4.2
Lattice constantc was obtained from the XRD patterns shown in Fig. 32






Figure 8 shows the XRD patterns for the Li12xCoO2 thin films
deposited at 300°C on a Pt, without further annealing. The~003!
peak prior to charging is broader than that shown in Fig. 1, and
films have the~101! orientation besides the~003! texture. The lattic
constants before charging area 5 2.826 0.01 Å andc 5 14.13
6 0.01 Å. The LiCoO2 thin films deposited at 300°C have sligh
larger lattice constantc than those deposited on unheated subst
Figure 5. Total energies of~a! LiCoO2 and ~b! Li0.5CoO2 with four primi-
tive unit cellsvs. the lattice parameterc, as calculated using the pseudo
tential method at Li-ordered~most stable! state.
Figure 6. Total energies of Li12xCoO2 are calculated with the constrain
~at Li-ordered metastable state! and relaxed~at Li-ordered stable state! lat-
tice. Four supercells ofx 5 0, 1/6, 1/3, and 1/2 in Li CoO were used.12x 2




























Journal of The Electrochemical Society, 151 ~7! A1063-A1067~2004!A1066(c 5 14.026 0.06 Å), which may be due to the Li evaporat
during deposition at 300°C.28-30 When these cathode films we
charged to 4.2 V during the first cycle, the lattice constantc in-
creased to 14.326 0.01 Å. In addition, diffraction-peak splitting
Figure 7. Voltage profiles of the Li12xCoO2 thin films ~a! on Pt and~b! on
Au, for the XRD patterns at the 4.2 V charged state~Fig. 1 and 3!. The
cycling test was performed using a charge-cutoff voltage of 4.4 V at
mA/cm2.
Figure 8. XRD patterns of Li12xCoO2 thin films, before charge, after the 1
charge to 4.2 V and after five and ten cycles~between 4.4 and 2.75 V!, then
charged to 4.2 V. These cathode films were deposited at 300°C
Pt/SiO /Si substrate, without further annealing.2
Downloaded 21 Jul 2009 to 147.46.182.184. Redistribution subject to Enot observed, which is unlike the cathode films with a strong~003!
texture~Fig. 1 and 3!. The change of lattice constants,a andc, as a
function of the cycle number~as shown in Fig. 9! is similar to tha
observed in the powder geometry.
Conclusions
Thin-film LiCoO2 cathodes were sputter-deposited under va
deposition conditions, yielding distinct lattice-constant change
the 4.2 V charged states. LiCoO2 thin films with a strong~003!
texture underwent limited lattice expansion during the first ch
which is unlike that observed for LiCoO2 powders. The energy d
ference obtained by a pseudopotential total-energy calculatio
tween the relaxed and constrained Li0.5CoO2 lattice was negligible
confirming no difficulty of limited lattice expansion. However, sp
ting of the ~009! diffraction peak was observed at 4.2 V as cyc
proceeded. In contrast, the lattice constantsc of the Li12xCoO2 thin
films with a weak~003! texture expanded when first charged to
V. Further studies are clearly needed to correlate the thin-film
crostructures and electrochemical properties.
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